Abstract: We have recently demonstrated that a common phenomenon in evolution of spider venom composition is the emergence of so-called modular toxins consisting of two domains, each corresponding to a "usual" single-domain toxin. In this article, we describe the structure of two domains that build up a modular toxin named spiderine or OtTx1a from the venom of Oxyopes takobius. Both domains were investigated by solution NMR in water and detergent micelles used to mimic membrane environment. The N-terminal spiderine domain OtTx1a-AMP (41 amino acid residues) contains no cysteines. It is disordered in aqueous solution but in micelles, it assumes a stable amphiphilic structure consisting of two a-helices separated by a flexible linker. On the contrary, the C-terminal domain OtTx1a-ICK (59 residues) is a disulfide-rich polypeptide reticulated by five S-S bridges. It presents a stable structure in water and its core is the inhibitor cystine knot (ICK) or knottin motif that is common among single-domain neurotoxins. OtTx1a-ICK structure is the first knottin with five disulfide bridges and it represents a good reference for the whole oxytoxin family. The affinity of both domains to membranes was measured with NMR using titration by liposome suspensions. In agreement with biological tests, OtTx1a-AMP was found to show high membrane affinity explaining its potent antimicrobial properties.
Introduction
Spiders and scorpions have evolved to produce not only the simple one-domain peptide toxins, but also more elaborate modular toxins consisting of two domains. By sequence, the separate domains in modular toxins show marked similarity, and in some cases apparent homology, to one-domain toxins, either linear cytotoxins or disulfide-containing neurotoxins. Only the number of possible domain combinations limits the already known diversity, and we expect that more modular toxins will be mined from arachnid venoms in the near future.
The first-in-class cytoinsectotoxins from Lachesana tarabaevi venom are long linear polypeptides composed of two stretches of shorter sequences, both of which are very much alike the usual linear cytolytic peptides. 1 CpTx from Cheiracanthium punctorium 2 and DkTx from Haplopelma schmidti, 3 on the other hand, comprise two inhibitor cystine knot (ICK, or knottin) signatures. It was shown by limited proteolysis and electron cryomicroscopy that these primary structure signatures correspond to separate domains. 2, 4 A variety of spider toxins including purotoxin-2 (PT2) from Alopecosa marikovskyi, 5 latartoxins (LtTx) from L. tarabaevi, 6 and
CsTx1 from Cupiennius salei 7 comprise both a "neurotoxin" ICK motif and C-terminal extension alike linear cytotoxins. Finally, OtTx or spiderines from Oxyopes takobius venom show a "reversed" architecture with a long N-terminal disulfide-free part and C-terminally located ICK. 8 Modular toxins remain largely underinvestigated. Only two high-resolution structures of modular toxins are currently known, which came out this year: the 3D structure of PT2 was studied by NMR, 5 and that of DkTx, by NMR (separate domains) 9 and electron cryomicroscopy (full-length toxin). 4 In this article, we present structures of the two domains comprising spiderine-1a (OtTx1a) from O. takobius.
Results and Discussion

Protein production
By sequence, OtTx1a (108 amino acid residues) is composed of a linear (no disulfides) cytotoxin-like Nterminal fragment OtTx1a-AMP (residues 1-41) and C-terminal knottin part OtTx1a-ICK with five S-S bridges (residues 50-108), connected by a short linker [ Fig. 1 16 and may serve as a reference to model their 3D structures. The modular two-domain structure of OtTx1a presented here is unique among proteins with known spatial structure. Remarkably, as shown in a recent study, 17 some scorpion toxins (scorpines or bKTx) are organized similarly to spiderines. In both cases, a C-terminal neurotoxin domain follows an Nterminal linear cytotoxin domain. In b-KTx, however, the C-terminal domain has a cysteine-stabilized a/b fold common among scorpion toxins, 18 not an ICK.
Interaction of spiderine domains with lipid membranes
OtTx1a and OtTx1a-AMP are known to effectively suppress bacterial growth by forming defects in cell membranes. 8 Here we used 1,2-dioleoyl-sn-glycero-3-phosphoglycerol and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPG/DOPE, 3:7, w/w) liposomes (large unilamellar vesicles, LUVs, diameter of 100 nm) to model the negatively charged membranes of bacteria and investigate the membrane-binding propensity of OtTx1a domains. We titrated the proteins with liposome suspension and recorded the integral intensity of the amide region in 1D-1 H-NMR. A gradual decrease in NMR signal intensities for OtTx1a-AMP was observed due to apparent depletion of free protein through binding to liposomes. No changes were observed for OtTx1a-ICK indicating an absence of membrane binding and implying that only the N-terminal domain of spiderines is capable of interaction with membranes.
We then used the Langmuir isotherm to fit our experimental data [ Fig. 2(C) ] and obtain binding parameters for OtTx1a-AMP: the dissociation constant (K d 5 0.11 6 0.06 lM) and the number of lipids that compose the binding site for the polypeptide (N 5 10.7 6 0.6). This result is in agreement with studies on other membrane-active peptides. For instance, the classic melittin from honeybee venom presents K d $ 20 lM measured in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPC/POPG, 9:1, mol/mol) vesicles 19 and magainin 2 from frog skin shows K d $ 50 lM in POPC/POPG (3:1) 20 ; the apparent higher membrane affinity of OtTx1a-AMP is in part due to the different lipid compositions used. The differential membrane activity of the two domains of OtTx1a correlates with our previous results indicating that OtTx1a-AMP is responsible for the biological activity of the full-length toxin. 8 We thereby attribute the observed insect toxicity of OtTx1a to its cytolytic activity, which in turn is due to its membrane-damaging capacity with OtTx1a-AMP acting as an efficient membrane anchor.
Methods
Protein production and purification
OtTx1a-AMP was produced using solid-phase peptide synthesis as described. 8 Briefly, a peptide synthesizer Syro I (MultiSynTech) was used, and methods adhered to the Fmoc/t-butyl chemistry. OtTx1a-ICK was produced in Escherichia coli Origami B and refolded as described. 8 The resulting culture was grown at 378C to D 600 $0.6, induced with 0.2 mM IPTG, and incubated at room temperature overnight. Recombinant protein purification, CNBr cleavage, and target product purification were performed as described. 
NMR spectroscopy
Lyophilized powder of OtTx1a-AMP or 15 N-OtTx1a-ICK was dissolved in 90%H 2 O/10%D 2 O (pH 6.0) to the concentration of 0.6 mM. To obtain OtTx1a-AMP structure in a membrane-mimetic environment, a suspension of deuterated DPC (d-38, 98%; Cambridge Isotope Laboratories) was added to the sample to a protein/detergent molar ratio of 1:100.
All NMR spectra were recorded at 313 K on Bruker Avance spectrometers (with 600 and 800 MHz for 1 H frequency; Bruker Biospin) equipped with a pulsed-field gradient triple-resonance cryoprobe. The following NMR spectra were acquired: (a) 2D- C-HSQC and 3D-HNCA spectra were obtained on natural abundance of 13 C. NMR spectra were processed by the Bruker TOPSPIN software (version 3.0) and analyzed with the program CARA. 22 Spectral assignment and spatial structure calculation All recorded 2D and 3D NMR spectra were processed using the standard sequential assignment technique. Spatial structure calculation was performed using simulated annealing/molecular dynamics protocol, as implemented in the program CYANA, (version 3.0). 23 Constrains for backbone dihedral angles u and w were calculated from angles and stereospecific assignments were derived from 3D-HNHB and 3D-15 N-NOESY-HSQC spectra. Disulfide bond connectivity was established sequentially by analyzing preliminary structures, the mutual arrangement of cysteine residues and their v1 angles. Two of the five disulfide bonds were unequivocally determined from preliminary structure calculations, and the other three S-S bridges were inferred from homology. Alternative disulfide linkages led to NMR structures with higher pairwise RMSD values. One hundred structures were calculated for each protein in total, and 20 structures with the fewest restrain violations were picked.
Membrane affinity calculations
Lipid vesicles were prepared as described. 6 Titration of OtTx1a-AMP (40 mM in 50 mM Na 2 HPO 4 / NaH 2 PO 4 , pH 7.4) or OtTx1a-ICK (30 mM) with liposome suspensions was performed at 308C. At each lipid concentration (0.15-2.2 mM), 1D-1 H-NMR spectrum was measured and the equilibrium concentration of free OtTx1a-AMP in solution C f was determined using the integral intensity of the amide region of the spectrum between 8.6 and 6.6 ppm. Concentration of free OtTx1a-ICK was determined using intensities of separate signals in the spectra. The binding isotherms were analyzed using the Langmuir equation:
where C b is the bound protein concentration, K d is the dissociation constant of the protein from the area on the vesicle surface formed by N lipid molecules, and L* is the lipid concentration in the outer leaflet of the vesicles (60% of total lipid, L* 5 0.6 3 L). The effect of dilution was taken into account. Fitting was performed using the Mathematica software.
